Background-Severe thrombocytopenia is a major risk factor for haemorrhage, and yet platelet function and bleeding risk at low platelet counts are poorly understood because of limitations of platelet function testing at very low platelet counts.
Introduction
The degree of thrombocytopenia is a major determinant of bleeding risk [1] . However, while some patients exhibit little bleeding despite platelet counts of less than 10,000/μl, others suffer significant haemorrhages with platelet counts over 50,000/μl [2] [3] [4] . Patients with extreme thrombocytopenia due to lack of platelet production (e.g., acute myeloid leukaemia [AML] or myelodysplastic syndrome [MDS]) or primarily due to accelerated platelet destruction (e.g., immune thrombocytopenia [ITP]) may experience severe bleeding. Platelet function in patients with severe thrombocytopenia has never been adequately studied because of methodological problems related to the assessment of platelet function in thrombocytopenia. The contribution of platelet function to bleeding risk in this setting is therefore poorly understood.
Platelet function in patients with AML or MDS may be impaired due to the underlying malignancy, chemotherapy or other drugs, or concurrent infections. Patients with ITP may also have very low platelet counts, although it has traditionally been assumed that the larger, younger platelets of patients with ITP are better functioning than normal platelets and [5] [6] [7] , by inference, also better functioning than the platelets of patients with haematological malignancies. However these two types of thrombocytopenic conditions are managed very differently with regard to platelet count thresholds for initiating treatment. It is recommended that adults with ITP are treated at platelet counts of 20-30,000/μl [8, 9] , whereas prophylactic platelet transfusions are generally initiated at a platelet count of ≤10,000/μl in patients with thrombocytopenia secondary to haematological malignancy, bone marrow failure or chemotherapy, in part to minimize alloimmunization and platelet refractoriness due to more frequent transfusions [10] . Thus, the typical threshold for treatment of thrombocytopenia is often higher in ITP than in dysplastic or malignant disorders of the bone marrow.
There are very little data describing platelet function in severely thrombocytopenic patients because, with the sole exception of flow cytometry, no platelet function assay can distinguish between the effects of thrombocytopenia and the effects of reduced platelet function. Whole blood flow cytometry can interrogate platelet function independently of platelet count by examining the functional status of individual platelets [11] . Flow cytometry has been widely used and validated in patients with heart disease in whom assessment of platelet function is considered to be important for monitoring of antiplatelet therapy [11] [12] [13] . Surprisingly, whole blood flow cytometry has infrequently been tested in the setting of marked thrombocytopenia, where it is uniquely able to assess platelet function [7, 11, 14] .
In this study we used whole blood flow cytometry [15] and a standardized bleeding score [16] in patients with platelet counts less than or equal to 30,000/μl to compare platelet function in severely thrombocytopenic patients with AML/MDS to those with ITP. Platelet surface expression of P-selectin, activated glycoprotein (GP) IIb/IIIa (integrin αIIbβ3), and GPIb were measured with and without ex vivo agonist stimulation in order to assess both the activation state of circulating platelets and also platelet reactivity. In addition, we examined whether the proportion of newly synthesized platelets in the circulation contributed to platelet function.
Methods
Twenty-five patients with ITP and 21 patients with AML/MDS were consented and enrolled in this IRB-approved study. Patients were selected on the basis of platelet counts ≤30,000/ μl, age > 18 years, not having received platelet transfusions or antiplatelet agents within the previous five days and not having any known disorders of haemostasis or platelet function. None of the patients received cytotoxic chemotherapy on the day of study.
A diagnosis of ITP was based on thrombocytopenia in the absence of another identifiable cause, normal or increased numbers of megakaryocytes (if a bone marrow examination had been performed) and/or response to intravenous immunoglobulin or steroids. Of the 21 patients in the AML/MDS group, 18 had a diagnosis of AML and 3 had myelodysplasia with circulating blasts.
Blood was drawn from patients by antecubital venipuncture into 4.5 mL 3.2% trisodium citrate Vacutainers (Becton Dickinson), a method previously shown not to induce ex vivo platelet activation [17] . Platelet counts were measured in a Bayer-Advia automated CBC counter immediately following the blood draw. Immature platelet fraction (IPF) and the immature platelet count (IPC) were measured for 17/25 ITP patients and 19/21 AML/MDS patients in a Sysmex XE-2100 autoanalyzer within 6 hours of blood draw [18] .
Twenty minutes after blood draw, aliquots of whole blood were incubated with fluorescently-labeled monoclonal antibodies and either 0.5 μM adenosine diphosphate (ADP), 20 μM ADP, 1.5 μM thrombin receptor activating peptide (TRAP), 20 μM TRAP, or HEPES-Tyrode's buffer (10 mM HEPES, 137 mM sodium chloride, 2.8 mM potassium chloride, 1 mM magnesium chloride, 12 mM sodium hydrogen carbonate, 0.4 mM sodium phosphate dibasic, 5.5 mM glucose, 0.35% w/v bovine serum albumin, pH 7.4) for exactly 15 minutes. The reaction was stopped with a 15-fold dilution in 1% formaldehyde in HEPES-saline buffer. Samples were maintained at room temperature and not agitated until fixation to prevent handling activation.
The antibodies used were as follows: phycoerythrin (PE)-conjugated anti-P-selectin monoclonal antibody (CD62P, clone 1E3, Santa Cruz Biotech); fluorescein isothiocyanate (FITC)-conjugated monoclonal antibody PAC1 (Becton Dickinson), which only binds to the activated conformation of GPIIb/IIIa [19] ; and PE-Cy5-conjugated anti-CD42b (GPIb) monoclonal antibody (clone HIP1, Becton Dickinson Pharmingen). PE-conjugated MIgG 2a isotype (Santa Cruz Biotech), and FITC-PAC-1 together with 2.5 μg/mL of the GPIIb/IIIa antagonist eptifibatide to block specific binding, served as the negative control for P-selectin and PAC-1 respectively.
For flow cytometric analysis of platelet count, anticoagulated blood was labelled with FITCconjugated anti-GPIIIa (CD61) monoclonal antibody (clone Y2/51, DAKO Cytomation), PE-conjugated anti-GPIIb (CD41) monoclonal antibody (clone 5B12, DAKO Cytomation), and PE-Cy5-conjugated anti-CD42b monoclonal antibody (clone H1P1, Becton Dickinson Pharmingen).
Fixed samples were stored at 4°C and sent by overnight courier to the Center for Platelet Function Studies at the University of Massachusetts Medical School for analysis. A known quantity of RFP-30-5 calibration beads (Spherotech) was added to allow cell counts to be calculated. Analysis was performed in a Becton Dickinson FACSCalibur™ flow cytometer which was calibrated daily to assure proper instrument functioning and consistent fluorescence measurements over time. Platelet surface P-selectin, activated GPIIb/IIIa and GPIb expression were measured relative to the isotype control as mean fluorescence intensity (MFI). For GPIb, the magnitude of change following agonist stimulation was calculated by subtracting the GPIb MFI value with added agonist from the MFI value with no added agonist. Platelets for flow cytometric counting were identified by characteristic forward and side light scatter, and CD61, CD41 and CD42b expression. The platelet count was calculated by determining the volume of blood analyzed by the number of internal standard beads acquired in parallel. Mean forward light scatter (FLS) of platelets was also recorded as an approximation of platelet size. A control sample from a healthy donor was also analyzed in parallel with each study sample to ensure correct sample handling.
At the time of blood draw, bleeding was assessed by history and by physical examination by one of three trained assessors (J.B.B, B.B or C.T.) using a standardized bleeding scale that quantifies bleeding at nine anatomical sites and has been shown to have good inter-user reliability [16] . Bleeding scores were later summarized into three categories: any bleeding vs. no bleeding; skin/oral bleeding vs. no skin/oral bleeding; any non-skin/oral bleeding vs. no non-skin/oral bleeding.
The flow cytometry data was analyzed using a Mixed Model Repeated Measures Analysis of Variance (ANOVA). For all variables, the ANOVA models were checked for Gaussian residuals and equality of variance. Upon finding a significant disease (ITP vs. AML/MDS) by treatment (platelet agonist condition) interaction, five Bonferroni-adjusted pairwise comparisons of AML/MDS vs. ITP for each of the five treatment conditions were performed. A comparison was considered statistically significant if p < 0.01 (Bonferroniadjustment to maintain an overall 5% significance level). The association between disease and the categorical bleeding score variables was examined using the chi-square test. The Kruskal-Wallis test was carried out to compare the bleeding scores and the continuous variables, IPF and IPC. The Wilcoxon rank sum test compared IPF data for subjects with AML/MDS vs. ITP. Spearman correlations were utilized to examine the association between platelet function flow variables and IPF values. Results were declared significant if P < 0.05. Graphs were drawn using GraphPad Prism 5.0a software (2007).
Results
There was no difference in age between the two patient groups (mean age of the ITP patients was 53 years [range 21 -80] ; mean age of the AML/MDS patients was 59.3 years [range 38-76]; P = 0.06). A higher proportion of the ITP patients were female (68% female for ITP vs. 19% female for AML/MDS, P = 0.001). At the time of study, none of the patients were receiving treatment with thrombopoietin receptor agonists and 60% of the ITP patients had undergone splenectomy.
Mean platelet counts were similar between the ITP and the AML/MDS patient groups (15,850 + 2338 vs. 20,938 + 3729/μl, P = 0.2, Figure 1A ). However, the relative and absolute numbers of immature platelets (IPF and IPC) were lower among AML/MDS patients than ITP patients, reflecting a lower rate of platelet production (IPF 11.4 + 1.2% vs. 25.0 + 2.9, P = 0.0002; IPC 2357 + 403 vs. 4000 + 60 /μl, P = 0.03, Figure 1C and 1D). Platelets were much smaller in size in patients with AML/MDS than in those with ITP (69.0 + 4.7 vs. 211.2 + 23.9 arbitrary forward light scatter units, P < 0.0001, Figure 1B ).
When platelets were examined for surface markers of activation with no addition of agonists ex vivo, surface activated GPIIb/IIIa was significantly lower in AML/MDS than in ITP (MFI 6.06 + 0.5 vs. 10.38 + 1.3, P = 0.007, Figure 2A ). There was no difference in the platelet surface expression of P-selectin between ITP and AML/MDS (MFI 6.5 + 0.6 vs. 7.3 + 1.2, P = 0.5, Figure 2B ).
In response to ex vivo stimulation with ADP and TRAP, each at lower and higher concentrations, an increase in surface activated GPIIb/IIIa and P-selectin and a decrease in surface GPIb expression were observed, as expected, in both AML/MDS and ITP platelets (Figures 2A-C) . However, platelet surface activated GPIIb/IIIa remained significantly lower for AML/MDS patients than for patients with ITP (P = 0.025, Figure 2A ). Expression of platelet surface P-selectin was also significantly lower in AML/MDS in response to high TRAP stimulation (P = 0.002) although this difference was not significant in the other agonist conditions ( Figure 2B ). Expression of GPIb was significantly lower in patients with AML/MDS than those with ITP, both with no added agonist (MFI 187.3 ± 9.4 vs. 420.0 ± 30.4, P < 0.0001) and also following ex vivo stimulation, presumably reflecting the relationship between platelet surface expression of GPIb and platelet size ( Figure 2C ). There was no significant difference between ITP and AML/MDS patient groups with respect to the % decrease in platelet surface GPIb. In ITP patients, the % decrease in platelet surface GPIb compared to no agonist was 7.5% with 0.5 μM ADP, 22.5% with 20 μM ADP, 6.1% with 1.5 μM TRAP and 25.6% with 20 μM TRAP. In AML/MDS patients, the % decrease in platelet surface GPIb compared to no agonist was 10.4% with 0.5 μM ADP, 21.5% with 20 μM ADP, 7.2% with 1.5 μM TRAP and 22.3% with 20 μM TRAP.
There were no significant differences in platelet count, platelet size or IPF between splenectomized and non-splenectomized patients with ITP ( Figure 3A) , however platelet surface markers of activation with and without agonist stimulation were higher in those ITP patients who had undergone splenectomy than non-splenectomized ITP patients, particularly for activated GPIIb/IIIa ( Figure 3B ).
To investigate whether the lower surface expression of platelet glycoproteins in AML/MDS compared to ITP ( Figure 2 ) was related to the lower proportion of immature platelets in AML/MDS as compared to ITP (Figure 1) , we explored the association between IPF and platelet function. Considering both ITP and AML/MDS patients combined, a higher IPF was significantly correlated with increased platelet surface expression on circulating platelets (i.e., no added agonist) of GPIIb/IIIa (P = 0.001), P-selectin (P < 0.01) and GPIb (P < 0.0001) ( Figure 4A ). The magnitude of change in platelet surface GPIb expression following ex vivo agonist activation was also strongly correlated with IPF, regardless of agonist or agonist concentration ( Figure 4B ). Similarly, IPF was positively correlated with GPIIb/IIIa expression on high-dose ADP-stimulated platelets (P = 0.0484, data not shown). IPF was not correlated with platelet surface GPIIb/IIIa or P-selectin expression for any of the other agonist conditions (data not shown).
There were no major differences in the overall incidence of bleeding between the AML/ MDS and ITP patients. However, there was a tendency for non-skin/oral bleeding, i.e. more clinically significant bleeding, to occur more commonly among AML/MDS patients than ITP patients (P=0.118, Table 1 ). To explore the relationship between platelet function and bleeding, we categorized patients according to types of bleeding symptoms. There were no significant differences in platelet count, IPF or IPC between the 3 bleeding categories: bleeding (any site) vs. no bleeding; any skin/oral bleeding vs. no skin/oral bleeding; any non-skin/oral bleeding vs. no non-skin/oral bleeding. However, for all three bleeding categories, patients with ITP who experienced bleeding had lower platelet reactivity (e.g., lower TRAP-stimulated platelet surface activated GPIIb/IIIa and platelet surface P-selectin) compared to those with ITP who had no bleeding ( Figure 5 , left column); there was no difference in platelet activation levels with no added agonist. In contrast, the patients with AML/MDS who experienced bleeding had higher platelet activation levels with no added agonist and also higher platelet reactivity (e.g., higher TRAP-stimulated platelet surface activated GPIIb/IIIa and platelet surface P-selectin) than those who had AML/MDS but no bleeding ( Figure 5 , right column).
DISCUSSION
Platelet count alone does not always predict bleeding in severely thrombocytopenic patients. Although major haemorrhage is more likely at platelet counts below 10,000/μl, significant bleeding may also occur at higher platelet counts and the large majority of patients with even severe thrombocytopenia do not suffer from spontaneous bleeding [3, 4] . Therefore, while severe thrombocytopenia is permissive for bleeding to occur, it is not sufficient.
In a study of patients with haematological malignancy undergoing stem cell transplantation or chemotherapy, bleeding of WHO grade 2 or above was found to occur at a rate of 25% at platelet counts ≤5,000/μl and 17% at platelet counts 20-80,000/μl [4] . In a study of pediatric ITP, while 75% of ICH occurred at platelet counts ≤10,000/μl, 10% of ICH occurred at platelet counts over 20,000/μl [3] . External events, for example trauma or infection, and/or differences in platelet function may contribute to differences in bleeding risk among patients with comparable degrees of thrombocytopenia. Moreover, the types of bleeding may differ as well. Consistent with previous observations [16, 20] , in this study bleeding in patients with ITP was characterized by petechiae, ecchymoses, and mouth bleeding whereas patients with AML/MDS more frequently experienced clinically significant GI, GU and pulmonary haemorrhage. A better understanding of platelet function in thrombocytopenia may be one important factor in the evaluation of bleeding risk and, if so, could lead to improved clinical management.
Few studies have examined platelet function in thrombocytopenic individuals. Studies by Karpatkin in 1978 indicated that platelet aggregation was positively correlated with platelet volume in healthy individuals with normal platelet counts, implying that platelet function might be relatively high in ITP patients who have a high proportion of large, young platelets [6] . Other groups have also reported a correlation between platelet size and/or platelet function with bleeding symptoms in thrombocytopenic patients [21, 22] . Examining platelet surface P-selectin expression and platelet aggregation in patients with ITP and healthy controls, Panzer et al. reported that platelet P-selectin expression was higher in patients with ITP than in healthy controls and that this correlated with the size of platelet aggregates formed in vitro although not with bleeding symptoms [14] . Furthermore, baseline platelet surface P-selectin expression ex vivo was found to be inversely correlated with its relative increase after exogenous addition of agonists, suggesting that in vivo activated platelets have reduced capacity for further activation [7] . However, these studies [7, 14] used platelet-rich plasma and standardized the platelet count by dilution, both of which methods introduce the possibility of artifactual in vitro platelet activation. In contrast, in the present study, we examined platelets in whole blood without any separation or dilution of platelets and did not agitate the blood during incubation, thereby minimizing the possibility of artifact.
The main findings of the present study are: 1) compared to patients with ITP with comparable degrees of thrombocytopenia, platelets from patients with AML/MDS were smaller, less immature, and had lower surface expression of GPIb and activated GPIIb/IIIa both with and without addition of the agonists ADP or TRAP; 2) in both ITP and AML/ MDS patients, increased platelet surface GPIb on circulating platelets and GPIb and activated GPIIb/IIIa on ex vivo activated platelets were associated with increased IPF; 3) AML/MDS patients with bleeding had higher TRAP-stimulated platelet surface activated GPIIb/IIIa and platelet surface P-selectin than AML/MDS patients with no bleeding, whereas ITP patients with bleeding had lower TRAP-stimulated platelet surface activated GPIIb/IIIa and platelet surface P-selectin than ITP patients with no bleeding.
How may these findings be interpreted? In ITP, platelet production is variable as a result of the effects of autoantibody-mediated inhibition of platelet production [23, 24] . Even when partially inhibited, patients with ITP nevertheless make more platelets than do those with AML/MDS as reflected by a higher IPF and platelet size in ITP than AML/MDS. The activation state of circulating platelets was also higher in ITP than AML/MDS, and ITP platelets also showed higher reactivity in response to the agonists ADP and TRAP. The correlations between IPF and both baseline platelet expression of activation markers and also platelet reactivity in response to agonist stimulation suggest that the younger, larger platelets typically found in greater numbers in ITP have greater function, as was first reported in the 1960's. [5] ITP patients with bleeding had lower platelet reactivity in response to agonist than those who had no bleeding, suggesting that platelets from ITP patients with bleeding symptoms have undergone a degree of in vivo activation and therefore have a lower capacity for further ex vivo agonist-stimulated activation. Paradoxically and unexpectedly, patients with AML/ MDS who experienced bleeding had significantly higher ex vivo agonist-stimulated platelet reactivity than those who had no bleeding. One interpretation of this finding is that ITP patients with bleeding may have antiplatelet antibodies that interfere with platelet function [25] or else that the platelets are partially activated by the bleeding, while in AML/MDS, although their platelets still have the capacity to respond if stimulated ex vivo, they are not appropriately activated in vivo -suggesting that generation of platelet activators at sites of damaged blood vessels may be impaired or dysregulated. Moreover, other factors in addition to the platelet activation state are necessary to prevent bleeding in severe thrombocytopenia. These findings and hypotheses need to be confirmed and addressed in additional studies.
Platelet surface P-selectin expression is a marker of degranulation and the platelet surface binding of PAC1 (the reporter monoclonal antibody used in the present study) measures the conformational change in platelet surface GPIIb/IIIa that allows fibrinogen to bind and platelet aggregation to occur [11] . These two markers are therefore sensitive indicators of platelet functionality [11] . GPIb is the receptor for von Willebrand factor and platelet surface expression of GPIb decreases upon activation, as the receptor is proteolyzed and/or internalized [26] [27] [28] . GPIb expression is strongly related to platelet surface area and therefore to platelet size. As PAC1 binding measures a conformational change in GPIIb-IIIa receptors rather than the absolute number of receptors and P-selectin is not expressed on the surface of the resting platelet [11] , the present findings with platelet surface activated GPIIb-IIIa and P-selectin expression in patients with ITP are unlikely to be attributable to differences in platelet size. Only a moderate difference was observed in bleeding symptoms between the patient groups reflecting the relatively small number of patients with bleeding in this study. In addition to platelet function and count, other factors contribute to bleeding including fever, haemoglobin level, sepsis, uremia, hypoalbuminemia, coagulopathy, leukopenia or leukocytosis, vascular integrity and iatrogenic factors [2] . These factors were not explored in this study Bleeding in severely thrombocytopenic patients is potentially devastating, and platelets are a commonly transfused blood product that is often in short supply [29] . It has long been postulated that thrombocytopenia due to bone marrow failure carries a higher risk of bleeding than the same degree of thrombocytopenia in ITP, although this hypothesis has never been specifically tested. While flow cytometric assessment of platelet activation is unlikely to be widely available as a routine test in the clinical setting, a better understanding of bleeding risk in thrombocytopenia is likely to have major clinical implications. If bleeding can be anticipated, it may be more feasible to intervene early to ameliorate or prevent it. The present study is the first to examine and define differences in platelet function in patients with equivalent degrees of thrombocytopenia due to ITP or AML/MDS. Further studies need to explore why the sites of bleeding are different in ITP and AML/ MDS, how platelet activation/function is regulated in each patient group, for example the role of the endothelial cell, and which type of testing is optimal to study platelet function in each of these patient groups with a view to predicting and preventing clinical bleeding. 
